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Abstract
In order to harvest the maximum physics potential of the CERN Large Hadron Collider (LHC), it is foreseen to signifi-
cantly increase the LHC luminosity by upgrading the LHC towards the HL-LHC (High Luminosity LHC) [1]. Especially
the final upgrade (Phase-II Upgrade) foreseen beyond 2020 will mean unprecedented radiation levels. Due to the radia-
tion damage limitations of the silicon sensors presently used, the physics experiments will require new tracking detectors
for HL-LHC operation. All-silicon central trackers are being studied in ATLAS, CMS and LHCb, with extremely radi-
ation hard silicon sensors to be used for the innermost layers. Within the CERN RD50 Collaboration, a massive R&D
programme is underway across experimental boundaries to develop silicon sensors with suﬃcient radiation tolerance.
One research topic is to gain a deeper understanding of the connection between the macroscopic sensor properties such
as radiation-induced increase of leakage current, doping concentration and trapping, and the microscopic properties at
the defect level. A further area of activity is the development of advanced sensor types like 3D silicon detectors designed
for the extreme radiation levels expected for the vertexing layers at the HL-LHC. Results from irradiation with a mix
of diﬀerent particle types as expected for the sLHC are also given. Recent observations of charge multiplication eﬀects
in heavily irradiated detectors at very high bias voltages point towards a new way to achieve sizeable signals after high
fluences. Results for several detector technologies and silicon materials at radiation levels corresponding to HL-LHC
fluences are presented in this article, demonstrating the availabilty of silicon detectors with suﬃcient radiation hardness
for the diﬀerent radii of tracking systems in the LHC detector upgrades.
c© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
The current CERN planning foresees an upgrade of the LHC to HL-LHC beyond 2020. The upgraded
LHC will require silicon detectors with an extreme radiation tolerance for the central tracking detectors.
Current simulations of particle fluences for the general-purpose experiments ATLAS [2] and CMS [3] pre-
dict radiation levels of around 2.0 × 1016 neq/cm2 for the innermost pixel layers and 1.0 × 1015 neq/cm2 for
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the innermost strip layers 2. These HL-LHC doses exceed the LHC values by about an order of magni-
tude, and mean that with the HL-LHC, detectors must enter a new era of radiation hardness, requiring the
development of a new generation of silicon detectors.
RD50 is an international collaboration of over 250 scientists from 47 institutes, working on semiconduc-
tor detectors to meet the challenges from high luminosity colliders and hence high radiation environments
[4]. The RD50 activities are grouped into five diﬀerent research lines: defect and material characterisation,
defect engineering, new structures, pad detector characterisation and full detector systems. A full overview
of the RD50 activities and results can be found in [5]. This paper largely concentrates on a number of re-
cent results from a few areas. Amongst those are results from defect characterisation which allow a deeper
understanding of the changes of the eﬀective doping concentration Ne f f as a function of radiation dose, as
well as results from 3D detectors which form an essential part of the new structures research line.
2. Radiation Damage
In order to understand the technological challenges posed by HL-LHC radiation levels, it is first nec-
essary to briefly discuss the key radiation eﬀects that adversely aﬀect the sensors. There are three such
eﬀects on the sensor bulk material. The first one is an increase of the reverse current (leakage current) in the
sensor. The radiation-induced extra current is proportional to the particle fluence when normalised to the
damage of neutrons with 1MeV energy according to the Non Ionising Energy Loss (NIEL) model. See [6]
and references given therein for more details.
The second eﬀect is the change of the eﬀective doping concentration of the sensor, which in general
proceeds through the processes of donor removal and acceptor generation and for a long time has been
thought to manifest itself as the device becoming more and more p-type. In consequence, a p-type sensor
would stay p-type with an ever increasing Ne f f , and an n-type sensor would in addition undergo an initial
type inversion from n to p. Recent results, some of which are presented in this paper, indicate that not all
silicon materials behave in this way. In addition, results from detectors that were irradiated in two steps with
protons and neutrons indicate that again for some silicon materials, there may be cancellation eﬀects for
the two particle types, rather than the simple accumulation of radiation damage as expected from traditional
models.
The third eﬀect is the introduction of defects that can trap drifting signal charges in the silicon bulk. Such
defects act as trapping centers, eﬀectively reducing the charge collection eﬃciency (CCE) of the sensor.
3. Doping Concentration
The basic macroscopic radiation eﬀects on the eﬀective doping concentration as described in section 2
have already been observed by RD48 [7, 8], the predecessor of the RD50 Collaboration. Recent studies
[9] indicate that these eﬀects for oxygen-enriched n-type epitaxial silicon have a strong dependence on the
particle type, exhibiting a significant diﬀerence between the results from proton and neutron irradiations and
hence violating the simple NIEL scaling hypothesis. Thermally Stimulated Current (TSC) measurements
were used to identify the microscopic defects in terms of their activation energy and defect concentration.
Fig. 1 shows key results from the TSC measurements [10, 11] for two epitaxial silicon samples with
72μm thickness irradiated to the equivalent fluence of 1.0×1014 neq/cm2. One sample was irradiated with 23
GeV protons from the CERN-PS, whereas the other irradiation was performed with reactor neutrons from
the TRIGA reactor in Ljubljana. It is evident in the TSC spectra that the proton irradiation produces a much
higher concentration of the E(30K) defect compared to the neutron irradiation. For the other defects, the
diﬀerences between the two particle types used for irradiation are much less significant. E(30K) is a defect
that has a donor level in the upper part of the band gap, and its creation is visible as donor generation leading
to a positive space charge (SC) in the silicon bulk.
2Non-ionising radiation doses of diﬀerent particle types and energies are normalised to the silicon crystal lattice damage from
neutrons of 1MeV energy. The unit is 1MeV neutron-equivalent per cm2 or in brief neq/cm2 [6].
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Fig. 1. TSC spectra measured on n-type epitaxial silicon diodes after proton or neutron irradiation to an equivalent fluence of 1.0 ×
1014 neq/cm2 and 20 minutes of annealing at 80◦ C.
Measurements like the one shown in Fig. 1 where performed on a large number of samples irradiated to
a set of fluences from a few 1014 neq/cm2 ranging up to 5.0 × 1015 neq/cm2. Again, both neutron and proton
irradiations were used. For the same samples, a macroscopic measurement of the Capacitance-Voltage (C-
V) characteristics was conducted. The C-V measurements, summarised in Fig. 2, allow extraction of the
Fig. 2. Eﬀective doping concentration Ne f f as measured in n-type EPI-diodes as a function of equivalent fluence for both reactor
neutron and CERN PS proton irradiations.
eﬀective doping concentration in each sample. The Ne f f plot shows a striking diﬀerence between the eﬀects
of the two irradiation types observed in the epitaxial silicon material. Proton irradiation will increase the
concentration of donors present in the detector, without the silicon undergoing Space Charge Sign Inversion
(SCSI). Irradiation with reactor neutrons will lead to SCSI before 1015 neq/cm2, with the silicon becoming
more and more dominated by acceptor-like states which with the help of Fig. 1 can be traced to the H-group
of defects from 116K to 152K. These dominate the space charge in the absence of the E(30K) defect. The
origin of the diﬀerent radiation eﬀects of protons and neutrons is not yet understood in detail, and constitutes
an area of ongoing research.
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4. Mixed Irradiations
The radiation field inside HL-LHC experiments will, as in the LHC, be composed mainly of pions,
protons and neutrons. The relative composition of the total fluence has a complex dependency on e.g. the
radial distance to the interaction point, but generally speaking the radiation levels drop steeply as the radius
increases, and pions dominate the short radii up to around 15 cm whereas neutrons tend to dominate from
30 cm outward [12]. A number of studies such as the one reported in section 3 have shown that irradiations
with charged or neutral particles of the same equivalent fluence may have diﬀerent results in terms of the
eﬀective doping concentration. A key question in this context is to what extent the results from irradiations
to an equivalent fluence with a single particle type can be extrapolated to the mixed radiation field of the
HL-LHC.
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Fig. 3. Full depletion voltage measurements for irradiated silicon pad detector samples as a function of equivalent radiation dose.
Results for FZ-p, FZ-n and MCz-n detectors are shown. The arrows (drawn in the same colour code as the samples) indicate the
direction of change from the proton-irradiated samples (unfilled symbols) to the ones subjected to mixed irradiations (filled symbols).
A dedicated study was performed in the framework of RD50, where a large number of pad detectors
of p-and n-type silicon was irradiated first with charged hadrons and then with neutrons [13]. In general,
the damage produced by both irradiations was found to add up, for example for the increase of leakage
current and trapping. However, in case of the eﬀective doping concentration, a strong material dependency
was found. Figure 3 shows the results of full depletion voltage (V f d) measurements on Float-Zone (FZ)
and Magnetic Czochralski (MCz) silicon pad diodes that were exposed to either proton-only or subsequent
proton and neutron irradiations. The samples were irradiated to a number of accumulated equivalent fluences
up to 9.0 × 1014 neq/cm2.
The results indicate that for the FZ silicon material, the radiation eﬀects of both particle types accumu-
late. For the MCz it appears that the proton irradiation was partially compensated by the following neutron
irradiation. A likely explanation for this are stable donors that were introduced in the MCz-n detectors
by charged hadron irradiation and were later compensated by introduction of acceptors from the neutron
irradiation. As a result the full depletion voltage decreases with increasing neutron fluence.
5. Charge Collection
The radiation damage eﬀects mentioned in section 2 have a number of negative consequences for any
silicon detector exposed to radiation fields as they typically appear at hadron collider experiments. The
increasing doping concentration manifests itself as an increasing voltage for full depletion of the sensor,
which may at a certain fluence exceed either the voltage tolerance of the detector or the maximal voltage
rating of the HV power supply. The radiation-induced trapping of signal carriers results in a reduction
of the signal measured with the sensor, and hence reduces the signal to noise ratio of the detector. This
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adverse eﬀect can still be increased by extra shot noise from the additional leakage current generated by
deep traps or defects from radiation damage. For the high fluences expected at the inner layers of HL-
LHC experiments, the combination of charge trapping and Ne f f eﬀects constitutes a serious challenge that
can only be met by reading out from the n-side of the detector. This has two advantages. One is that the
detector will collect electrons, which are much less aﬀected by trapping due to their high mobility compared
to holes. The other advantage is that n-side readout will also work in partially depleted detectors, as the
p-n-junction will be formed around the contact between the n-electrodes and the p-bulk. Note that a n-bulk
sensor will be transformed to eﬀective p-bulk by radiation. For reasons of cost and simplicity of production,
n-in-p detectors turn out to be the most practical choice. Planar silicon n-in-p detectors have been shown to
give acceptable CCE still up to fluences in the order of several 1015 neq/cm2 for reasonable bias voltages.
Beyond this fluence, the need for high voltage operation becomes more prominent, with radiation doses of
1016 neq/cm2 or more requiring biases in excess of 1kV [14, 15].
A radiation-hard technological alternative to traditional planar detectors is the 3D-detector design. This
design [16], where electrodes extend into the silicon bulk perpendicular to the detector surface, gains re-
sistance to radiation eﬀects by decoupling the depletion voltage and collection distance from the detector
thickness. This means that considerably lower full depletion voltages are required, and the distance that
signal charges have to drift before reaching the electrode is significantly reduced, which makes it less likely
for the drifting charges to get trapped. 3D p-type silicon strip detectors made in a simplified double-sided
3D design [17, 18] were irradiated with 25 MeV protons at the Karlsruhe Compact Cyclotron, equipped
with readout electronics from the CMS tracker and placed in a beam of 225 GeV pions at the CERN SPS
H2 beamline. Precision tracking was made using the CMS Silicon Beam Telescope (SiBT) [19] provided
by the CMS Helsinki group. In this beam test [20], the 3D detectors were run at diﬀerent bias voltages, and
the signal spectra in the detectors were measured using a clustering algorithm. A signal value was extracted
from the signal spectra by fitting a convolution of a Landau function and a Gaussian.
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Fig. 4. Signal measured in double-sided p-type 3D strip detectors in a beam test as a function of bias voltage. Data are shown for one
unirradiated detector and two detectors irradiated to 1.0 × 1015 neq/cm2 and 2.0 × 1015 neq/cm2, respectively.
Results for the 3D detectors in this test are shown in Fig. 4. Signals in three diﬀerent 3D detectors
were measured as a function of the reverse bias voltage. The signal in the unirradiated detector reaches
a plateau at around 50V and is used to set the scale for full CCE. As expected, both irradiated detectors
show lower signal than the unirradiated one at lower bias voltages. However, the signal rises with increasing
bias voltage. For voltages of 200V and higher, the signal in the irradiated sensors clearly exceeds the
one in the unirradiated reference detector. At the largest bias voltage, the measured signal in each of the
irradiated sensors corresponds to roughly twice the signal for full CCE. The eﬀect of more charge being
measured than the amount of charge originally created by the passing pion can be attributed to charge
multiplication occurring due to impact ionisation. Drifting charges accelerated in the very high electric field
of the columnar electrode can gain enough energy to create additional electron-hole pairs. This eﬀect has
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already been observed in p-side readout 3D detectors irradiated with protons at similar fluences [21]. In
the n-side readout devices considered here, it is more pronounced because electrons have a higher impact
ionization coeﬃcient than holes. We assume that the radiation-induced increase of the eﬀective doping
concentration, together with the higher electric field of 3D detectors, in particular close to the electrodes,
compared to the planar design results in electric fields that are high enough to create a significant amount of
charge multiplication already at comparatively low bias voltages of about 200 V.
Similar eﬀects have also been observed on heavily irradiated planar silicon strip detectors [22] and
epitaxial silicon pad detectors [23]. However, for these detectors much higher bias voltages were needed
to see this eﬀect. For a given external bias voltage, the design of the 3D detectors, in particular the short
inter-column spacing with only 50μm between n- and p-columns, results in much higher internal electric
fields compared to other designs. This diﬀerence between the onset voltage of charge multiplication for
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Fig. 5. Signal measured in planar p-type strip detectors in the same beam test as in Fig 4. Signal values are given for three detectors
irradiated to 5.0 × 1013 neq/cm2, 1.0 × 1015 neq/cm2 and 3.0 × 1015 neq/cm2, respectively.
planar and 3D detectors is clearly visible when comparing the signal measurement results for irradiated
planar p-type detectors from the same test beam shown in Fig. 5 to the results from the 3D sensors in Fig.
4. Note the diﬀerence in voltage scale in these two figures. While the signal keeps on rising steadily with
increasing bias, no clear evidence for charge multiplication is seen in the planar sensors up to the highest
measured bias voltage of 1000V. In addition, for unirradiated detectors no charge multiplication eﬀects have
been observed, neither for 3D type nor planar ones.
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Fig. 6. Signal (black triangles) and leakage current (red crosses) measured in the 3D detector irradiated to 1.0 × 1015 neq/cm2. The
leakage current is measured at -20◦C. The current is the one from the strip area of the sensor, as the guard ring current was subtracted.
Comparisons of signal and leakage current measurements of the irradiated 3D detectors, which were
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both taken as a function of the bias voltage, show a strong correlation between the signal and the current
[20]. Fig. 6 depicts signal and leakage current for the 3D detector irradiated to 1.0 × 1015 neq/cm2. Both
curves show very similar features with the hint of a plateau around 50 to 100V and an increasing rise above
around 150V. This indicates that charges generated by traversing pions as well as the thermally generated
charges that constitute the leakage current are multiplied by the same factor once the field is high enough
for avalanche multiplication.
6. Summary
In current particle physics detectors at collider experiments, silicon-based tracking detectors have be-
come the established standard detector technology to be used for the inner tracking layers. All four major
LHC experiments successfully employ silicon vertex detectors. Experimental upgrades to cope with the
luminosity increase by moving from the LHC to HL-LHC will also very likely center around silicon-based
detector systems. The extreme HL-LHC radiation levels pose a significant challenge that is met by the
CERN RD50 Collaboration. In RD50, detector experts from a large number of experiments cooperate in
several research lines in order to develop silicon detectors for HL-LHC applications.
Recent RD50 results from irradiations of diﬀerent silicon materials such as FZ, MCz and EPI pad de-
tectors show significant dependencies on the particle type used for irradiation, even if the irradiation is to
the same equivalent fluence. For EPI detectors, the link between the microscopic defect responsible for the
diﬀerent eﬀective doping concentration after proton and neutron irradiations was found, explaining the dif-
ferent space charge seen in EPI detectors after proton and neutron irradiations. For n-type MCz detectors, a
compensation of donors introduced by proton irradiation with acceptors generated by a subsequent neutron
irradiation is reported.
Several studies show that p-type planar silicon detectors have suﬃcient radiation hardness to be operated
up to fluences in the order of a few 1015 neq/cm2, provided that a suﬃciently high bias voltage exceeding
600V can be supplied. 3D detectors would be able to oﬀer a comparable radiation hardness at significantly
lower bias voltages. However, their design is more complex and the sensors are hence available only from a
small number of suppliers and at a higher cost.
CCE measurements for irradiated planar, pad and 3D detectors have shown high signal levels that in
some cases exceed the expected signal generated by a passing charged particle and can only be explained by
a charge multiplication eﬀect. Leakage current measurements demonstrate that the same mechanism also
aﬀects charges from thermal excitation. It appears likely that the underlying eﬀect is impact ionisation and
hence limited avalanche multiplication of charges drifting in the high electric field of the readout electrode.
A large number of miniature detectors with design variations expected to influence the charge multi-
plication eﬀect have been produced and will be studied before and after irradiations as part of an ongoing
RD50 project.
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